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ABSTRACT 6

Poly—(methylmethacrylate) polymers crosslinked with ethylene glycol
dimethacrylate and with hexamethylene glycol dimethacrylate were studied
in vacuum (Ei' 1 micron) up to about 245°C by the continuous and inter-
mittent stress-relaxation method. At 225°C, the stress remained constant
during periods exceeding 1000 minutes even though a 14% weight loss
occurred. The stress decayed exponentially at 245°C; the decay constant
is inversely proportional to the crosslinker concentration, except at a
very low concentration. In all instances, the continuously and inter-
mittently determined stresses were identical and the degradation charac-
teristics were not dependent on the type of crosslinking agent. Degrada-

tion under an atmospheric environment was also studied.

Tensile stress-strain data were determined at a series of constant
extension rates between about 125 and 185°C (rubbery response region) on
crosslinked and uncrosslinked polymers. Because of a relatively tight
entanglement network, l-minute moduli between 135 and 165°C are insensitive
to crosslinker concentration (except at high levels) and are essentially
identical with that for uncrosslinked PMMA. The time and temperature de-
pendence of the large deformation and ultimate properties are considered,
along with the effect of temperature and crosslink density on the non-
linear strain function. The dependence of the failure envelope and of

the maximum extensibility on crosslink density is also discussed.
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I INTRODUCTION

Polymers, because of their diverse and unique characteristics, ful-

fill a variety of needs in engineering applications and are used, for
example, as optical, electrical, thermal-control, adhesive, and structural
components. To obtain high reliability and an optimum engineering design,
quantitative information is needed on the properties of polymers under
the anticipated environmental conditions and on the variation in proper-

ties caused by changes in chemical structure or physical state.

This final report describes a study of the effects of elevated tem-

peratures, vacuum conditions, and chemical structure on the mechanical
properties of poly-{(methylmethacrylate) polymers crosslinked to different
extents by two different crosslinking agents. The PMMA polymers, which
have a glass temperature in the vicinity of 100°C, were selected for the
investigation because related studies were being made at the NASA-Ames

Research Center.

The program included studies of stability at elevated temperatures
under vacuum and atmospheric environments and of tensile stress-strain
properties at temperatures below that at which chemical degradation occurs
during a test period. To study stability, the continuous and intermit-
tent stress-relaxation techniques were selected since the resultant data
normally show the rates for both rupture and formation of mechanically
effective network chains. Tensile stress-strain data were determined at
various extension rates and temperatures within the range of rubbery
response. These data provide information on: (1) relaxation character-
istics as a function of time, temperature, and strain; (2) the inherent
form of the nonlinear stress-strain curve,; and (3) the time and tempera-
ture dependence of the ultimate tensile properties. These characteristics
depend on the effective crosslink density, network topology, and the re-

sponse rate of segments and clusters of chains.

The experimental work was predicated on the assumption that the

mechanical properties in the rubbery response region depend primarily



on the effective crosslink density and that the rate of change of cross-
link density in a degrading environment can be derived from continuous
and intermittent stress-relaxation data. If the mechanical properties
depend on crosslink density in a known manner and if the degradation rate
in a severe environment at various temperatures is also known, it should
be possible to predict--at least semi-quantitatively--the changes in

mechanical properties effected by varying environmental conditions.

This report contains a discussion of (1) the PMMA polymers studied
and their network topologies; (2) the stability of crosslinked PMMA

polymers in vacuum and atmospheric environments; and (3) the large defor-

mation and ultimate tensile properties of several series of PMMA polymers.

The Appendices give a discussion of the relaxometer and procedures for
procuring data under vacuum conditions, the method for obtaining tensile

data, and published literature on properties of PMMA polymers.



11 POLY- (METHYLMETHACRYLATE) POLYMERS AND
THEIR NETWORK TOPOLOGIES

A, Sample Characteristics, Crosslinker Concentration,
and Equilibrium Swelling Experiments

Large sheets of PMMA crosslinked with ethylene glycol dimethacrylate
(EDMA) and with hexamethylene glycol dimethacrylate were procured by the
NASA Ames Research Center from the Polycast Corporation, Stamford,
Connecticut. The weight percent of crosslinker used in the preparation
of each polymer is included in Table I which also gives density data
obtained at 25°C by the hydrostatic weighing method. A polymer which
contains 16% HDMA, designated Lot 12 and not listed in Table I, was also
procured. Two uncrosslinked PMMA polymers [designation, Lots 1 and 9)
were also prepared by the Polycast Corp.; these materials are sensibly
identical and the density of Lot 1 was found to be 1.185 grams/ml. All
"Polycast" polymers were prepared using 0.1% o,o'-azobisisobutyronitrile
(AIBN) as the polymerization catalyst. All sheets were of excellent
physical quality and about 0.040 inch thick. Specimens, when heated
above their glass temperature, showed no tendency to warp or curl, indi-

. . . N t
cating an absence of 'built-in' stresses.

In addition to those from the Polycast Corp., PMMA polymers crosslinked
with 0.3% and 0.8% EDMA were prepared at the Ames Research Center; AIBN
was again used as the curing catalyst. These samples contained "built-in'
stresses and they became highly distorted when heated above their glass
temperatures. The built-in stresses probably resulted from non-uniform
polymerization conditions and the shrinkage which accompanies polymeriza-
tion. Although the thermal stabilities of these samples were not evaluated,
their tensile stress-strain properties were studied, as discussed in Sec-

tion 1IV.

An estimate of the crosslink density and sol fraction* for each

crosslinked PMMA polymer (Polycast) was obtained by determining the

*The sol in a crosslinked polymer is that material which is not connected
by primary valence bonds to the network and which thus can be extracted
by a suitable solvent.

3
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equilibrium swelling in 1,2-dichloroethane and in chloroform. Data were
obtained by placing weighted specimens in about 100 ml of 1,2-dichloro-
ethane. Each swollen specimen was weighed perodically until it attained
a constant weight; during this time, the solvent was changed several
times. This procedure was unsuitable for swelling specimens in chloro-
form; upon immersing specimens in chloroform, they cracked and tended to
fragment. Thus, weighed specimens were placed in refluxing n-butyl
acetate at 125°C for about one hour and then allowed to remain for about
5 days in this solvent at ambient temperature. (Specimens of Lot 3 were
left in the refluxing solvent for 24 hours.) The swollen specimens were
then transferred to chloroform; the solvent was changed periodically and

the specimens allowed to swell until they attained a constant weight.

Swollen specimens were dried to constant weight in a vacuum oven at
130-165°C. From the final dry weight and the initial weight, the gel
fraction was computed; the results are given in Table I. Values from the
tests made with the two solvents are in reasonably good agreement.

Roughly speaking, the PMMA polymers contain 10% sol.

The moles of effective network chains per unit volume of initial

material was calculated from the equation:?!

(v ) = ZtXaVe * Vo + In (1-v,)]g (1)
“e'sw (v, P g% - vy /27v,

where y,; is the polymer-solvent interaction parameter, V; is the molar
volume of solvent, v, is the volume fraction of polymer in a swollen
specimen, and g is the gel fraction, i.e., (1-g) is the sol fraction.
(In this report, the subscript sw added to the symbol Ve designates re-

sults from swelling experiments.) The values?

used for y; were 0.37 for
chloroform and 0.42 for 1,2-dichloroethane. The resulting values of
(Ve)sw are given in Table I; those for Lots 17, 18, 19, and 20 are
probably less reliable than the others because somewhat uncertain values

for the dry weights were obtained.

Crosslink density was also calculated from the weight fraction, Wf,

of the crosslinking agent in the polymers. Since each crosslinker molecule



should theoretically give two network chains, the appropriate equation
is: 2pr
(\,) = —— (2)

/
h ]
e’c ’VIA

where p is the sample density and MA is the molecular weight of the cross-
linker (198 for EDMA and 254 for HDMA). The calculated values are included

in Table I. (No attempt was made to account for dangling chains.)

B. Modulus and the Entanglement Network

Table II gives values of the l-minute tensile modulus, F(1), derived
(as discussed in Section IV) from stress-strain data obtained at different
extension rates and temperatures. One-minute isochronal stress-strain
data were used to prepare plots of Xg vs. A-1 and the modulus values were
obtained from the initial slopes of these plots. (Typical plots are
shown in Fig. 23 in Section IV-C.) Since the F(1) values do not become
temperature-independent at elevated temperatures, it appears that equilib-
rium values were not obtained. For one of the polymers (Lot 2), the slopes
of plots¥ of log o vs. log t (each curve for a constant 1) showed a greater
deviation from zero at 185°C than at 165°C, i.e., the relaxation rate was
greater at the higher temperature. (Data at 185°C were analyzed for only
three crosslinked polymers. ) Although this behavior may reflect the
occurrence of chemical degradation during the test periods at 185CC, it
may also result from the relaxation (slippage) of entangled network
chains, as considered in the subsequent paragraph. However, modulus
values** at 165°C are considered to be proportional to the effective
crosslink density. This assumption is an expedient one because: (1) the
modulus of a lightly crosslinked PMMA sample at 165°C will deviate from
the equilibrium value by an amount greater than that for a tightly cross-
linked one; and (2) the crosslink density may be more nearly proportional

to 2C; in the Mooney-Rivlin equation** than to the equilibrium modulus.

*The l-minute isochronal stress-strain data were read from these plots.

**¥A discussion of equilibrium and time-dependent stress-strain data and
also of methods for estimating crosslink density are given in the initial
portion of Section IV.




Table I1

ONE-MINUTE MODULUS DATA FOR PMMA POLYMERS (POLYCAST)
AT TEMPERATURES BETWEEN 125 and 185°C

Cross-— F(1>’(a) psi
linker Lot No. o o o 5 o
125°c | 135°c | 145°C 165°C 185°C

None 1 - 363 343 269 175
None 9 - -- 355 270 178
EDMA 17 440 362 330 286 -
EDMA 18 460 340 313 287 -
EDMA 2 494 340 327 294 246
EDMA 3 750 454 456 425 408
EDMA 4 - - gag(b) | 725(p) -
EDMA 5(c) - - - - -
HDMA 19 448 353 336 292 -
HDMA 20 455 358 322 288 -
HDMA 10 530 346 322 288 -
HDMA 11 540 365 363 340 320
HDMA 12(d) - - -- - -

(a)

Obtained from slope of plots of Ag vs. A-1 prepared from 1-
minute stress-strain data from tensile tests made at constant
extension rates. (Modulus values are not temperature re-
duced. )

(b)

‘Values not highly precise since they are obtained from data
at elongations less than 30%. At higher extensions, speci-
mens either broke or the plot of Ag vs. A-1 became nonlinear.

(c)

Tests were not made on this highly crosslinked material
because of its low extensibility.

(d)

Stress-strain data not analyzed because specimens broke at
small elongations.




(Values of 2C,; were derived from the stress-strain data, but these were
not sensibly independent of temperature as was found previously®:% for

a series of Viton A-HV (hydrofluorocarbon) vulcanizates. Thus, it did
not seem appropriate to assume that 2C; at a arbitrarily selected tem-
perature is proportional to the crosslink density.) However, if the
modulus is in fact more nearly proportional to the crosslink density
than is 2C,;, then the time-dependent modulus (e.g., at 165°C) which re-
flects the response of both physical entanglements and permanent chains
in a network should be used as a characteristic parameter in correlating
certain types of data (e.g., maximum extensibility) with network charac-
teristics, whereas the equilibrium modulus should be used in making other

types of correlations.

The results in Table II show that the modulus for the two uncross-
linked PMMA polymers (Lots 1 and 9) at 165°C (also at 145 and 135°C) is
nearly the same as those for the crosslinked polymers Lots 17, 18, and
2, and Lots 19, 20, and 10. The modulus of uncrosslinked PMMA results
from a transient entanglement network; the rather sharp reduction in
modulus in passing from 165 to 185°C reflects--at least in large measure--
the slippage of entanglements. If such a network also contains chemical
(primary valence bond) crosslinks which by themselves give an equilibrium
modulus which is considerably less than the modulus for the entanglement
network, then the response of the entanglement network will
overshadow that of the chemical network and the observed modulus will
be that for the entanglement network. This behavior will be observed
unless data are obtained at an experimental time which is longer than
the time required for relaxation of the entangled chains. For the PMMA
samples, this required time may be very long and chemical degradation

may begin before entangled chains relax completely.

These considerations point up the difficulty in deciding whether
viscoelastic relaxation or chemical degradation is the primary cause for
the modulus values being lower at 185 than at 165°C. (It is apparent
in retrospect that an answer could probably have been obtained by pro-
curing precise stress-strain-time data in the vacuum relaxometer at

temperatures above 165°C.) The considerations of the entanglement network




also explain why the moduli for Lots 17, 18, 2, 19, 20, and 10 are al-
most identical with that for the uncrosslinked PMMA. Unless the chains
in the chemical network have a lower molecular weight than those in
the entanglement network, a curve given by a plot of modulus against
temperature (or modulus against time) will have either a plateau, or
region of slowly changing slope which lies above the equilibrium modulus.
In other words, the over-all glass-to-rubber transition contains two
dispersions: the second is the transition from the quasi-equilibrium
modulus of the entanglement network to the equilibrium modulus. It
should be emphasized, however, that the equilibrium modulus is determined
by the equilibrium response of chains formed from both chemical cross-

links and permanent entanglement couplings.

Except for several of the most tightly crosslinked PMMA polymers,
the data in Table II indicate that the molecular weight of chains between
entanglement points is less than that of chains which terminate in chemi-
cal junction points. The uncrosslinked PMMA has a l-minute modulus of
270 psi at 165°C; this formally corresponds to Ve = 1.7 x 1074 mole/ml,
or a molecular weight of about 7000. (The molecular weight given by
Ferry® in his Table 13-II is 8600-10,000, in fair agreement with the
present rough estimate.) The value Ve = 1.7 x 10™% is greater than
those calculated from the crosslinker concentration (Table 1) except
for Lots 4, 5, and 12. 1In conformity with this observation, the modulus
of other Lots of PMMA are not markedly greater than that for the uncross-
linked PMMA,; however, for Lots 3 and 11, the chemical crosslinks have

effected a modest increase (25-60%) in the modulus at 165°C.

C. Equilibrium Swelling, Crosslinker Concentration,
and Modulus

The network in a polymer swollen to equilibrium is under a triaxial
tensile deformation. During swelling, some entangled chains which con-
tribute to the l-minute modulus at 165°C will be disentangled; others
cannot be disentangled, because of the topological arrangement of chains,
and will function as effective chains in the swollen network. Thus,

(v ) should be related somewhat more closely to (v ) than to the
e’'ch e’'sw



l1-minute modulus at 165°C. (The relation may be only slightly better,

however. )

This expectation is substantiated by data in Tables I and II which

*Of s .
were used to prepare the plot log (ve>sw vs. log (ve)ch in Fig. 1.
1.8
1 f ] ‘ l i l ! l ‘ l
CROSS- SOLVENT
14 (— LINKER [C,HaCl, ] CHCI3 /’ —
EDMA ) [ ] ,'5
= HOMA o | o UNIT SLOPE\> Yy -
( ) = MODULUS IN psi. OTHER / - 4
, 10— NUMBERS GIVE THE LOT NO. / e
5 // o
~ - (725) |
o Ve
s 2/
n [
< 0.6 |— ”<425) ]
//O
| 2 O —
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8 7/
op®® 4 1 4 L I N R N
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4+ 1og (¥e )ch

T8-4520-20

FIG.1 PLOT OF LOG (v ) vs. LOG (v ), FOR CROSSLINKED PMMA

e‘'sw

POLYMERS. (Numbers in parentheses are values of F(1) at 165°C; (v )y is

from the crosslinker concentration and (v,),,, is from equilibrium swelling data.)

In this figure, the circles and squares represent results from swelling
measurements in 1,2-dichloroethane and chloroform, respectively; shaded
and open symbols represent the data, respectively, for the EDMA- and
HDMA-crosslinked polymers. (The members in the parentheses below the
symbols are values of F(1) from Table II.) The dotted line in Fig. 1
shows that a linear relation exists (approximately) between (ve) and

sSw

(ve)ch at the larger values of (ve)ch' At the smaller values of (ve)ch’

* i 1 i i ncti f .
(ue)sw is a slowly increasing function o (ve)ch

*The designation (vg).p is somewhat inappropriate since this quantity is
the expected number of chemical chains and not the effective ones.
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Figure 2 shows a plot of log (ve>

1-minute modulus at 165°C and (v )
e’'sw

SW
is here

vs. log F(1), where F(1) is the

the geometric mean of values

T ] 1 T T
//
1.0 +— = —
o
E‘ - . UNIT SLOPE .
N
W
@
2 0.6 (— ]
€ ENTANGLEMENT MODULUS FOR
£ UNCROSSLINKED PMMA
z
g I
o
o°
+
<+ 0.2 CROSSLINKER -
O EDMA
@ HDMA
-0.2 | | | |
2.6 2.8 3.0
log F{l}in psi

FIG.2 PLOT OF LOG (v,),

vS.

LOG F(1), WHERE

F(1) IS THE 1-MINUTE MODULUS AT 165°C

from swelling in the two solvents.

The dotted vertical line is the

modulus (entanglement) for uncrosslinked PMMA at 165°C; the dotted line

of unit slope shows that a linear relation exists between F(1) and

(ve)sw at high crosslink densities. At low crosslinker concentrations,

(Ve)sw increases about 2.5-fold while F{1) is sensibly constant. This

behavior shows that certain chain entanglements which affect F(l) are

disrupted during swelling; the number which are disrupted increases with

a decrease in the crosslinker concentration.

11



III DEGRADATION BY CHEMORHEOLOGICAL METHODS

Degradation of PMMA in both atmospheric and vacuum environments
was studied by using the continuous and intermittent stress-relaxation
technique originated by Tobolsky.® The technigue consists of measuring
the stress on each of two specimens, one of which is extended to the
desired strain throughout the experiment and the other is extended to
the same strain but only for short intervals during the test (between
intervals, the specimen remains in an unstressed state). If the test
temperature is above that at which viscoelastic stress-relaxation occurs,
the stress on the continuously extended sample is commonly assumed to be
proportional to the number of effective network chains. Thus, stress-
decay data give a direct measure of the relative number of effective
chains broken; any crosslinks which form during degradation will be in
their unstrained state and will therefore not contribute to the stress
in a continuously extended sample. On the other hand, the stress observed
in an intermittently extended sample reflects contributions not only from
the network chains originally present but also from newly formed chains.
By analyzing the results from continuous and intermittent tests, rate

data for both rupture and formation of chains can be derived.

While primary emphasis was placed on determining the stability of
the crosslinked PMMA polymers {Polycast) under vacuum conditions, some
tests were made under normal atmospheric conditions, as well as in a
helium atmosphere, to provide comparative data and supplementary informa-
tion about polymer characteristics. Several tests were also made on an

uncrosslinked PMMA polymer under vacuum conditions.

A. Degradation Under Atmospheric Conditions

An apparatus described elsewhere?»® was used for the continuous
and intermittent stress-relaxation tests. It contains two load cells
mounted on a framework which is immersed in an air thermostat during a
test. The apparatus was modified so that tests could be made on ring-

shaped specimens, prepared as discussed in Appendix II. The test

12



procedure was essentially the same as that for the vacuum relaxometer
(SeeAppemﬁx I and Section III-B). One procedural difference is that

specimens attained the desired temperature and a test was begun about
30 minutes after the framework and specimens were inserted in the air
thermostat; with the vacuum relaxometer, the corresponding period was

about 2 hours.

Tests on moderately crosslinked materials, Lots 2 and 3, showed
that specimens under strains above about 20% tend to rupture, either
immediately upon extension or during a test. Accordingly, a strain of
about 10% (near the practical lower limit for stress relaxation) was
used in all subseguent tests made with either the vacuum or air relax-

ometers.

The first tests were made at 200°C but degradation occurred too
rapidly to be followed conveniently; all subsequent tests were made at
about 182°cC. Figure 3 shows the continuous stress-relaxation data for
Lot 2 at 185 and 200°C, as well as for Lot 3 at 181°C, on plots of
£(t)/£(0) vs. log t, where £(t) is the retractive force at time t, and
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FIG. 3 CONTINUOUS STRESS-RELAXATION DATA ON CROSSLINKED
PMMA IN AIR. (Lot 2 at 185 and 200°C and lot 3 at 181°C.)
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f(O) is the retractive force at the beginning of the experiment. At
200°C the stress relaxes completely in about 2.5 hours, whereas at the

lower temperature about 6 hours is required for complete relaxation.

Both the continuous and intermittent stress-relaxation data, ob-

tained on Lots 2, 3, 10, and 11, were found to be practically identical,
as illustrated in Fig. 4 for Lots 3 and 11. This behavior was found
regardless of whether EDMA (Lots 2 and 3) or HDMA (Lots 10 and 11) was

the crosslinking agent.

The tests showed that the degradation rate does not depend on the
type of crosslinking agent. Lots 3 and 11 are crosslinked to comparable
degrees with EDMA and HDMA, respectively; the curves in Fig. 4 are
essentially identical. Tests on the more lightly crosslinked materials
also showed that the relaxation (degradation) rate is independent of the

type of crosslinking material.

The effect of crosslink density is shown in Fig. 5, which presents
all continuous stress-relaxation data at 182°C. (Since intermittent and
continuous data are identical, only the continuous data are shown.)
Single lines are drawn through data for samples having similar degrees
of crosslinking. The results show that the time required for the force

to become zero increases with an increase in the crosslink density.

For most of the curves in Fig. 5, £(t)/f(0) does not equal unity at
one minute. Because viscous relaxation occurred when the specimens were
first extended and because the degradation began relatively soon, it was
not possible to separate the two effects. Consequently, f(0) for the
plots was equated to the force observed when a specimen was first extended,

and thus f(O) is not an initial equilibrium retractive force.

After all atmospheric tests, evidence of extensive degradation was
visually observed; the specimens were slightly discolored, quite friable,
and filled with small bubbles. When specimens were not removed immediately
from the relaxometer following a test, they often melted into a pile on
the lower hook that supports the specimen. These characteristics pre-
cluded a determination of the weight decrease which accompanies degrada-

tion,
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FIG. 5 CONTINUOUS STRESS—RELAXATION DATA ON EIGHT DIFFERENT
CROSSLINKED PMMA POLYMERS IN AIR AT 182°C

The atomspheric tests show that the EDMA~ and HDMA-crosslinked
polymers degrade at the same rate; the rate decreases with an increase
in crosslink density and is quite rapid at 180-200°C. The observed
identity of the continuous and intermittent data indicates that chains
only break during the degradation. Although the results do not preclude
the possibility that a few chains may form during degradation, this
possibility is an unlikely one. Because bubbles formed in degrading

specimens, the data are not sufficiently meaningful to merit a kinetic

analysis.
B. Degradation in a Vacuum Environment
1. Apparatus and Experimental Procedures

To study degradation in vacuum at elevated temperatures, a special

relaxometer was constructed which allows continuous and intermittent
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relaxation data to be obtained simultaneously on specimens under identi-
cal environments. (Appendix I gives a detailed description of the appa-
ratus and operational procedures.) In essence, the apparatus contains
three load stations mounted beneath a brass plate, through which pass
connecting rods for extending the three specimens. Although only two
specimens are required for the continuous and intermittent measurements,
the third specimen was used in making various preliminary adjustments
before a test was begun. The load station assembly is covered by a

cylindrical copper housing to form a vacuum chamber.

The vacuum chamber was heated by immersing it in a liquid salt bath
which could be thermostatically controlled to +1°C at 250°C. Thermo-
couples embedded within a specimen mounted in the vacuum chamber under
less than 1 micron pressure showed that the maximum temperature difference
along a specimen was less than 1°c. During all tests, the temperature in
the chamber was monitored by several thermocouples, each embedded in a
small piece of PMMA, placed in the vicinity of the test specimens. The
temperature remained remarkably constant; it varied by less than a few
tenths of a degree, although during a test lasting several days, the tem-

perature not uncommonly drifted by one or two degrees.

The vacuum in the chamber, maintained by a mechanical forepump and
an oil diffusion pump, was dependent on the outgassing rate of the speci-
mens and thus on the temperature and the characteristics of the material

being tested. Test data were obtained at about 1 micron or less.

After specimens were mounted in the chamber, vacuum was applied
overnight, and then the chamber was immersed in the liquid bath. Relaxa-
tion tests were begun after about two hours--the period required to
establish thermal equilibrium in the vacuum chamber. During this heating

period, the specimens probably were thoroughly degassed.

Ring-shaped specimens (outside and inside diameters, 1.20 and 1.10
inches, and 0.035-0.045 inch thick) were tested at about 10% extension--a
value indicated by the atmospheric tests as likely to be below the rupture
strain for specimens of all crosslink densities. The strain was calcu-

lated from the inside diameter of the ring at room temperature and the
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position of the connecting rod after a specimen was extended. Because
it was difficult to account precisely for the thermal expansion of all
apparatus components and because of the compliance of the load cells, the
strain was not obtained precisely. However, precise strain data were
not required since relaxation results are independent of strain, except
possibly at very large strains. Specimens were normally weighed before

and after tests to determine weight losses which accompany degradation.

2. Relaxation Data for Crosslinked PMMA Samples

Figure 6 shows the continuous and intermittent relaxation data on

Lot 3 (EDMA crosslinked) in vacuum at 182, 201, and 224°C and on Lot 11
(HDMA crosslinked) at 223°C. 1In sharp contrast to results from the
atmospheric tests, the stress did not relax in specimens during periods
up to 1000 minutes at the elevated temperatures. Data on Lot 11 suggest
that some degradation occurred at times greater than 1000 minutes. The
slight increase of f(t)/f(0) observed during some tests cannot be real

for the continuous data and thus the increase is attributed to recorder

drift. The troublesome propensity for the more highly crosslinked samples
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to break during a test (later found to be more pronounced at higher tem-

peratures) is illustrated in Fig. 6 by the continuous data on Lot 3 at

224°C and Lot 11 at 223°cC.

The stability in a vacuum environment (about 1 micron) undoubtedly
results primarily from the absence of oxygen. To evaluate another
environment, a test was made on Lot 2 under 1 atmosphere of helium at
222°C. After installing specimens in the apparatus, the chamber was
evacuated at room temperature and then filled with helium; this procedure
was repeated three times. The chamber was then immersed in the heated
thermostat and the test conducted in the normal manner while maintaining
a slight positive pressure of helium. The results in Fig. 7 show that

neither the continuous nor intermittent stress changed during a 110-hour

period.

Data for comparison with those from the test made under the helium
atmosphere were obtained on Lot 2 at 227°C under vacuum conditions.
Figure 7 shows that both the continuous and intermittent stress decreased
somewhat after about 1000 minutes under vacuum, in contrast to the be-
havior in the helium atmosphere. It is not known whether this slightly
dissimilar behavior results from the vacuum test being made at a 5°C
higher temperature than the one in a helium atmosphere or from the oxygen
concentration being different during the two tests. It is of interest,
however, that during the helium test the weight of the specimen decreased
by 7.5%, whereas during the vacuum test it decreased by 27%. This dis-
similar behavior may result from the decomposition products being removed

more rapidly from a specimen in the vacuum environment.
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Because the stress in the PMMA polymers did not decay significantly
during tests at 2253C, tests were made at about 245°C. At this tempera-—
ture, degradation does indeed occur, as illustrated by data in Fig. 8 on
Lots 2 and 10, although the specimens broke before the stress had de-
creased by a large amount. The results in Fig. 8, as well as those (not
shown) on Lots 3 and 11 also at 24600, show that the continuous and inter-
mittent data are sensibly identical, a characteristic shown by data from
atmospheric tests (Section III-A). Figure 9 shows the continuous data at
about 245°C for the four EDMA-crosslinked samples, Lots 17, 18, 2, and 3,
in order of increasing degree of crosslinking. Data for the corresponding
HDMA-crosslinked samples (Lots 19, 20, 10, and 11), shown in Fig. 10, are

similar, although not quantitatively superposable with those in Fig. 9.

During the tests at about 2450C, the specimens showed a pronounced

tendency to break, even though the strain was only 10%. Specimens from
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Lots 3 and 11 broke soon after the tests began and before degrading
appreciably; those from the somewhat less tightly crosslinked Lots 2

and 10 broke after longer periods but still before degrading extensively.
However, specimens from the still more lightly crosslinked Lots 18 and

20 did not break, and data were obtained until the stress became almost
zero. The most lightly crosslinked polymers, Lots 17 and 19, behaved
anomalously in that specimens broke before the tests were completed.
However, repeat runs on specimens from Lots 18, 20, 17, and 19 gave the
same results as those shown in Figs. 9 and 10. The rupture of the lightly
crosslinked Lots 17 and 19 may be related to the large and relatively rapid
weight losses which occurred during the tests (Table III). Tests were not

made on the most highly crosslinked samples, Lots 4 and 12.

Because of specimen rupture, relaxation data which reflect a major
breakdown in network structure were obtained only on Lots 17 and 19 and
Lots 18 and 20. At temperatures above 2450C, specimens would unquestion-
ably have broken in a very short period at a 10% strain, and such tests

were not attempted.

3. Weight Loss and Degradation Mechanism

In contrast to the highly degraded appearance of specimens after
tests in air, the appearance of specimens tested in vacuum at tempera-
tures up to 225°C did not change, in conformity with the finding that
the stress did not change during the tests. After tests at 245°C the
specimens were slightly discolored, contained a few small bubbles, and

their surfaces were not so smooth as initially.

The weight of the specimens decreased (Table III) during tests
under vacuum, even when degradation was not indicated by the
relaxation data or the visual examination. From thermogravimetric
analyses of uncrosslinked PMMA in vacuum, Madorsky® found that the
weight of a sample whose molecular weight was 1.5 x 10% decreased 43%
during 350 minutes at 250°C and 7.4% during 160 minutes at 150°C. For
a sample of molecular weight 5.1 x 10%, the weight decreased 68% during

315 minutes at 310°C and 0.3% during 160 minutes at 150°C.
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Table I1I

WEIGHT LOSS OF PMMA POLYMERS DURING VACUUM
RELAXOMETER TESTS

. Weight
Run Material Crosslinker Tempgrature, Time, Loss,
No. C hrs.
38 Lot 17 EDMA 251 15 62.8
39 Lot 18 EDMA 247 59 55.8
43 246 70 62.1
28 Lot 2 EDMA 187 141 15.6
27 222% 113 7.5
25 227 124 26 .8
30 245 33 33.4
35 247 45 34.5
24 Lot 3 EDMA 224 18 14.0
33 247 3 14.1
38 Lot 19 HDMA 251 15 57.5
39 Lot 20 HDMA 247 59 56.6
43 246 70 64.0
34 Lot 10 HDMA 246 18 28.5
31 247 32 37
37 244 120 52
26 Lot 11 HDMA 223 88 22.8
32 246 11 20.2
23 Lot 1 None 171 22 4.1
21 182 21 6.7
22 190 21 6.9

*Under helium.

The data in Table III indicate that the extent of volatilization
increases with a decrease in the crosslinker concentration and that the
EDMA- and HDMA~-crosslinked materials behave similarly. The surprising
fact is not that the weight decreases, but that the decrease is rela-

tively large during a period in which the stress remains constant. For
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example, stress decay did not occur during the 18-hour test on Lot 3 at
224°C but the weight decreased by 14%. When a greater weight loss was

observed, the stress decayed during the test.

An appreciable decay in stress was observed only at 2450C, and at
this temperature, rupture commonly terminated the tests prematurely.
Because rate data were obtained only at 245°C, and only a limited amount
at this temperature, the results lead only to tentative conclusions about

the kinetics and mechanism of the degradation process.

1f chains break randomly throughout a degrading network and if the
rate of chain scission is constant, then it can be shown® that the force
in a specimen held continuously at a constant extension should obey the

equation:

th
[~
t

= exp(-kt/ve) (3)

:?’j

where ve is the moles of effective network chains per unit volume in the
undegraded material and k is the moles of chains per unit volume which
break per unit time. Thus, a plot of log [f(t)/f(0)] vs. t should yield

a straight line whose slope is k/2.303ve.

Data on four PMMA specimens are plotted according to Eq. (3) in
Fig. 11; the slopes of the resulting straight lines give the values of
k/ve which are included in Table IV. When these values are multiplied
by (ve)ch, computed from the crosslinker concentration, relatively con-
stant values for k are obtained (except for Lot 19) and these are given in
the last column of the table. 1If values of Vo derived from either modulus
data or equilibrium swelling data are used, the resulting values for the rate
constant k vary quite markedly. Thus, the rate of stress decay is de-
termined by the number of chemical junction points and is not affected
significantly by the entanglement points. Stated otherwise, the decay
constant (slope of a plot of 1n[f(t)/£(0)] vs. t) is inversely propor-

tional to the crosslinker concentration.

The thermal degradation of PMMA involves a depolymerization (un-

zipping) mechanism which yields the monomer almost exclusively.9a The
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Table IV

DEGRADATION RATES FOR PMMA POLYMERS IN
VACUUM AT ABOUT 245°C

o e | /sghigt | Ceg(®) a0t s nor,
2 245 1.3 0.30 0.39

18 247 4.8 0.12 0.58

20 247 5.3 0.093 0.49

17 247 11 0.048 0.53

19 247 44 0.037 1.6

(a)

Obtained from concentration of crosslinker used in
preparation of samples (see Table I). If values of
ve derived from either the tensile modulus or equi-
librium swelling data are used, the rate constant Kk,
given in last column, varies markedly.

degradation proceeds from two initiation mechanisms:Bb the first in-
volves initiation at double bonds, situated at chain ends; the second
involves either a random initiation or initiation at chain ends without
double bonds. (Certain chain ends contain tertiary hydrogen.) The first
type of initiation is responsible for the degradation which proceeds at
intermediate temperatures (ca. 200 to 270°C) and which ceases before the
entire specimen has decomposed. For one PMMA at temperatures between

240 and 270°C, Madorsky® found that the volatilization rate progressively
decreases and becomes zero after 40—45% of the original material has
volatilized. The second type of initiation becomes important only at

quite high temperatures.®P

The constancy of k (Table IV) indicates that the chains rupture at
a rate which is independent of the chain length between chemical junc-
tion points. Yet, the weight loss during a test depends quite strongly
on the crosslinker concentration which is inversely related to the chain

length. These dissimilar observations are consistent with the assumption
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that chain rupture (initiation of decomposition) is followed by a de-
polymerization of the entire chain between its chemical junction points.

Thus, the weight loss would depend on the chain length.

It seems quite unlikely, however, that a depolymerization reaction
would be terminated by the presence of a dimethacrylate moiety in a net-

work structure. Also, Grassie and Melville?®€

have studied the decomposi-
tion of several crosslinked PMMA polymers and have found that the initial
decomposition rate is independent of crosslinker concentration. As yet,
a satisfactory explanation has not been found for the present findings,
although an analysis of possible mechanisms has not been made. Two
points which need detailed examination will be mentioned. The first is
the fact that one depolymerizing chain will release a number of entangled
chains which contribute to the support of stress in a deformed specimen.
The second is that one initiation will decompose, on the average, a chain
whose molecular weight is about 200,000. It is of possible significance
that for Lot 19 the calculated molecular weight of chains which terminate
in a dimethacrylate moiety is about 320,000; this fact may have some re-
lation to the anomalous result derived from the relaxation data. Also,
a large amount of the initial weight loss quite likely comes from decompo-
sition of sol material; the concentration of double bonds, at which de-
polymerization begins, should be markedly greater in the sol than in the

network material.

4, Results on Uncrosslinked PMMA

Because the crosslinked PMMA samples show no degradative stress
relaxation during a prolonged period under vacuum conditions at 224OC,
uncrosslinked PMMA would be expected to be chemically stable at elevated
temperatures and stress relaxation should result only from viscous relaxa-

tion.

Data from vacuum tests on uncrosslinked PMMA (Lot 1 from Polycast
Corp.) at 171, 182, and 190°C are shown in Fig. 12. The continuous
stress-relaxation data conform to the expected behavior; on plots of
log o vs. log t, where ¢ and t are the stress and time, respectively,
the curves can be superposed rather well by shifting them along the

abscissa.
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The stress measured intermittently increased quite appreciably during
the tests at each temperature. The results were carefully checked to de-
termine whether they might be attributed to some malfunction of the relax-
ometer. No malfunction was found, and the results have been tentatively
accepted, especially since they agree qualitatively with the behavior to
be expected if low molecular weight chains either volatilize or decompose

and then volatilize under the vacuum environmental conditions.

At the test temperatures, the stress determined intermittently
should correspond to a point slightly to the right of the plateau on a
plot of log o vs. log t. The width of this plateau becomes greater and
extends to a longer time with an increase in molecular weight. During
the initial stages of thermal decomposition, the low molecular weight
material decomposes preferentially because of its high concentration of
double bonds at which decomposition begins. (Grassie®? has presented
data on PMMA polymers which show that the average molecular weight of the
residual material increases during the initial stage of decomposition.)
Volatilization of either residual monomer or low molecular weight chains
also increases the average molecular weight. During the time required
to extend a specimen and determine the stress, less relaxation will occur
if the molecular weight is higher and the plateau is broader. Thus, the
intermittently observed stress will continuously increase with time be-

cause of the gradual widening of the plateau.
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IV TENSILE PROPERTIES IN THE ABSENCE OF DEGRADATION

According to the statistical theory of rubberlike elasticity, °
equilibrium stress-deformation data in uniaxial tension or compression

should conform to the equation:

o = WRT(A - %2—) (4)

where ¢ is the stress, based on the cross-sectional area of the unde-
formed specimen; X is the extension (stretch) ratio which equals ¢ + 1,

€ being the Cauchy measure of strain; v is the moles of network chains

per unit volume; and RT is the product of the gas constant and the abso-
lute temperature. Also, according to the theory, G = VRT, where G is

the shear modulus. Because real networks contain inactive chains (those
attached to the network at one end only, and those which form small closed
loops which do not participate directly in supporting the load on a de-
formed specimen) and also active chains formed by permanent physical en-
tanglements in the network, v in Eq. (4) is usually replaced arbitrarily

by Ver the moles of effective network chains per unit volume.

Equation (4) is based on several assumptions, one of which is that
the entropy change which accompanies the deformation of a single chain is
related to a Gaussian probability function. This assumption is reasonably
valid as long as the end-to-end separation of a chain does not exceed some
fraction (say, 0.4) of its fully extended length. To account for behavior
at large extensions at which the so-called finite extensibility effects
must be considered, several approaches have been followed. One approachl®
leads to an expression for the entropy of a single chain; when applied in
an idealized (and somewhat over-simplified) manner to a network, this

expression gives an equation, which for uniaxial tension, reduces!?! to:
3 1
n - 1
o= \)RT[—-B £ (A/n?) - = (5)

1 ,
where £ 1(3/n?) is the inverse Langevin function of the argument X/n2,
1

and n? is related to the maximum extensibility, (km)max’ of the network
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through the defining relation?!? n% = (kw)max. Since £—1(K/n%) tends
toward infinity as A approaches né, the stress becomes infinite at

A= (kw)max' In the derivation!® of Eq. (5), n is assumed to be the
number of equivalent random links in a chain. Thus, for a series of
perfect networks (those devoid of inactive chains and sol material)
which have different crosslink densities, the product nv is a constant.
Consequently, the maximum extensibility should depend on crosslink den-
sity according to the equation (kw)max = Kv—%, where K is the constant
nv.

If equilibrium data conform to Eq. (4), then Ve can be evaluated
directly. However, uniaxial tensile data usually do not fit Eq. (4),
and the data are commonly considered in terms of the Mooney-Rivlin egua-

tion: 10,12

1 1

o= 2C (A - 37) + 20 (1 - 3) (6)
A A

where Cy and C, are constants. Data over limited ranges of A can usually

be represented by this equation. Certain results suggest!? that:

2C; = v _RT (7)

However, it is unlikely that Eq. (7) applies to all rubbery network

polymers, and an unambiguous method for determining Ve does not exist.

Although eguilibrium swelling data are commonly used to evaluate
Ve (e.g., see Section II), the results may be less reliable than those
obtained by applying either Eq. (4) or (7). The equation used to relate
Ve to equilibrium swelling data is based on the assumption that the
stored elastic energy is given by the same expression which leads to
Eq. (4). 1In addition, the equation contains a semi-empirical polymer-

solvent interaction parameter ), which is assumed to be independent of
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the polymer concentration in a swollen specimen. The assumption that ¥4

is concentration-independent is commonly an invalid one.

For certain purposes, it is desirable to know the number of back-
bone atoms in an active network chain and thus the contour length of the
chain. The number of backbone atoms is related directly to the molecular
weight of the chain, Mc' If Ve is known, then MC can be obtained from

the equation

WC
MC = 5 (8)
e
where WC is the weight of active chains in a unit volume of polymer. If
a polymer contains neither sol nor inactive chains, then WC = p, Wwhere p

is the density of the polymer. Since networks usually contain sol and
inactive chains, Wc can be estimated only semi~-quantitatively. Also,
networks contain a distribution of chain lengths, and even crude methods

do not exist for estimating this distribution.

Thus far this discussion has been limited to considerations of
equilibrium stress-strain data. However, experimental data are commonly
time-dependent and reflect both the relaxation processes which occur
during the test period and the inherent stress-strain characteristics of
the network. Such time-dependent data can be considered!® in terms of
the equation:

o(r,t) = F(£)r(2) = F(t) %—&% (9)

where the stress o(A,t) is a function of A and the time t, T'(A) is a
function of A, and F(t) is the time-dependent modulus defined by:

lim o(a,t) _ o(r,t) _

vo1 T - -t - P (10)

The modulus characterizes the time-dependent behavior under an infinitesi-
mal deformation and it depends on the stress-strain history. However, in
conformity with the previously introduced notation, 3 F(t) will be con-
sidered here to represent the response to a strain which increases at a

constant rate.
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Equation (9) is applicable for representing data when T'(A) = g(\,t)/F(t)
is time-independent. Data obtained!?’?3:14 on many rubber vulcanizates with-
in certain ranges of time and temperature show this characteristic. In such
instances, a plot of c(X,t)/F(t) vs. XA yields'!»* a curve which is identical
to that from equilibrium data. At best, however, I'(A) is time-independent
only under those experimental conditions for which the terminal (maximum)
relaxation time of a single network chain is less than the experimental
time~scale. When the experimental time-scale is shorter than the terminal
relaxation time, relaxation modes within a chain become effective, causing
a reduction in the extensibility of the network. The reduced extensibility
causes !* T'(A) to increase more rapidly--especially at large extensions--and
to tend toward infinity at a smaller extension than when the time-scale is

~m

long; such phenomenon cause T'(A) to be time-dependent.

For certain rubber vulcanizates, I"(A) is time-dependent even when the
experimental time-scale is greater than the terminal relaxation time. The
associated molecular processes which lead to the occurrence of relaxation
under such conditions--regardless of whether I'(A) is time-dependent or
time-independent--are not definitely known. However, the relaxation may
result from cooperative chain rearrangements which are associated with
either the slippage!®1 16 of entangled chains or the migration!7:!® of net-

work junction points.

The stress-at-break, gb, and the corresponding ultimate extension

ratio, depend markedly on the temperature and the extension rate. For

J‘\b y
amorphous elastomers, data over extended ranges of temperature and exten-

sion rate yield a single curve, called the tensile failure envelope, 1?:1!

on a plot of log ob(To/T) vs. log (Kb—l), where T and T, are, respectively,
the test temperature and an arbitrarily selected reference temperature,
both expressed in °K. This curve passes through a maximum at (Kb)max which

is the maximum observable extension ratio. As discussed,!? (Kb)
(x ) ;
oo max

true whereas for others, (kb)max is significantly less than (km)max' When

the latter situation exists, (hm)max is the maximum extension ratio (hypo—

<
max —
For some elastomers, it appears?! that the equality is sensibly

thetical ) which could be observed if the network were infinitely strong.
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Relatively little is now known about the dependence of (kb)max on cross-
link density and other structural characteristics, but some findings are

presented in Ref . 11.

The crosslinked PMMA polymers (Polycast) were tested at various ex-—
tension rates and temperatures. The two crosslinked samples (Section II-A)
prepared at the Ames Research Center were also tested, as well as a com-
mercially available uncrosslinked PMMA material. The results from these
tests are presented in the remaining portion of this section, and con-
sidered in relation to background information given above and in Sections
11-B and II-C. (The method for procuring the data is discussed in Appendix
11.)

A. Uncrosslinked PMMA

A commercially available PMMA polymer was tested in the rubbery re-
sponse regions at eight temperatures between 110 and 165°C and at cross-
heat speeds between 0.02 and 20 inches per minute. The methods for
reducing and analyzing the data differed only in minor details from those

13 prom stress-strain curves at

developed for other amorphous elastomers.
different extension rates, values of stress are obtained at a series of
fixed values of A. Then, the stress data at each A are displayed on a
plot of log ¢ vs. log t, where the time t equals (r-1)/3, % being the

extension (strain) rate.

In analyzing data on PMMA, the temperature-reduced stress 2730/T was
first plotted against time on a doubly logarithmic plot for several ex-
tension ratios at each test temperature. Values of the shift factor aT
were then obtained by shifting the curves to coincidence along the time
axis. The resulting shift factors are shown in Fig. 13 in which the

so0lid line represents the universal form of the WLF equation®

8.86(T - T )
S

= - 1
T 101.6 + T - T_ (11)

log a

This equation gives a,_ as a function of (T—TS), where the characteristic

T
temperature TS is generally about 50 degrees higher than Tg. Conversely,
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TS may be determined from empirically obtained aT values using Eq. (11),
as indicated in Fig. 13. The value of TS obtained in this way (1430C) is
reasonable, although somewhat lower than other values reported for PMMA

in the literature.®

Shift factors calculated from Eq. (11) with T, = 143°C were used
in preparing plots of log GTS/T vs. log t/aT for a number of extension
ratios. Several of these plots are shown in Fig. 14 where A is an
arbitrary additive constant used to separate the curves for convenience
in presentation. It can be seen that the time-temperature superposition
is quite good, although some scatter exists in the low temperature data;
the 120°C data are somewhat below those at other temperatures. Figure 13
shows that aT at 120°C also lies below the WLF curve. This suggests that
the actual test temperature was slightly higher than 120°C. These 120°C
data were therefore disregarded in drawing full curves (Fig. 14) which

best represent the data,.
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AT DIFFERENT STRAIN VALUES FOR UNCROSSLINKED
PMMA. Temperature shift factors determined from curve in Fig. 13;
or =1.0at 143°C

When curves like those in Fig. 14 are parallel, then the viscoelastic

data must conform to Eg. (9). To test the applicability of Eq. (9), iso-
chronal values (values at a constant time) of oTS/T were read from curves
like those in Fig. 14 and are shown in Fig. 15 on plots of log hgTS/T vs.
log (A-l), where 2o is the true stress (i.e., stress based on the cross-
sectional area of a deformed specimen). An arbitrary additive constant

A is again used to separate the curves.

Because the lines in Fig. 15 have a unit slope and are linear up to
about 100% extension for 0.001 < t/aT < 100 minutes, it follows that
At reduced times less

under these conditions g{(X) from Eq. (9) equals Xx.

than 0.001 minute, deviations from linearity occur at extensions less
than 100%. Because these short times correspond to temperatures relatively
near Tg, the result is not surprising and is undoubtedly caused by relaxa-
tion modes within individual network chains becoming effective, thus

changing the inherent stress-strain response and increasing the modulus.
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Since g(A) = A for x» < 2 at the reduced times at which the curves in
Fig. 14 have an extended flat portion, the modulus F(t) can be evaluated
directly using Eq. (9). The 10-minute value at 143°C is about 330 psi
(2.3 x 107 dynes/cm®). This modulus characterizes the network formed by

the physical entanglement of the chains in the uncrosslinked PMMA.

Figure 16 shows the failure envelope obtained by plotting log Ab0b416/T
against log (Ab-l). In those instances that the stress-time curves from
Instron tests showed yield values (found at lower temperatures and higher
crosshead speeds) or contained an indication of viscous flow during the
test (found at higher temperatures and lower crosshead speeds), the break
data are eliminated from the plot. However, these data are plotted in

Fig. 17.
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Failure envelopes are usually obtained only on crosslinked polymers.
Figure 16 shows that data on an uncrosslinked polymer also yield a fail-
ure envelope, although a smaller segment of the envelope is defined be-
cause of the flow and yield phenomena. For crosslinked polymers, the
lower branch of the failure envelope normally approaches asymptotically
the equilibrium stress-strain curve and conforms to the equation:
log &

b b
equilibrium modulus, but if the entanglement coupling density is high,

= log Ee + log (kb—l). Uncrosslinked polymers do not have an

this gives a pseudo-equilibrium modulus, indicated by a relatively flat
portion in the modulus vs. time curve. It is interesting to note that
the modulus obtained from the unit slope region of the envelope {even

though it is not well defined because of the occurrence of flow) is
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347 psi, in agreement with the modulus derived from the flat portion of

the curves in Fig. 14.

B. Special Samples of Crosslinked PMMA (Ames)

These samples, crosslinked with 0.3 and 0.8% EDMA were tested at
various extension rates and temperatures. Figure 18 shows aT values
obtained by superposing plots of log 0273/T vs. log t from data at the
different temperatures and at several constant values of A. For both
samples, it appears that T = 426°K {153°C), a value somewhat above that
(TS = 416°K) found for the uncrosslinked PMMA sample (see Fig. 13). This
behavior is qualitatively in agreement with the findings of Fox and

Loshaek?®® concerning the dependence of Tg (TS = Tg + 50) on crosslink

density.

SrT T T T TTTTT 8 F] T T T T T T T 7T
6 0.3% EDMA 6 F 0.8% EDMA
N —iog ay= 7] e 4 ;‘ —log ay= 1
o [ 1 (=] =
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= | B = ]
S I I T S N I e JAJIJ Ll
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T8-4520-2

FIG. 18 TEMPERATURE DEPENDENCE OF LOG aor OBTAINED
FOR CROSSLINKED PMMA SAMPLES (AMES)
BY SUPERPOSING STRESS-STRAIN DATA

Equation (11) with T, = 426°K was used to calculate the shift factors
employed to construct the master stress-time curves shown in Fig. 19, in
which log gTS/T is plotted against log t/aT for A = 1.1, 1.3, 1.75, 2.5,
and 3.5. Curves were also prepared for A = 1.2, 1.5, 2.0, and 3.0, but
these are omitted for simplicity. No curves for either sample show a
clearly developed flat portion corresponding to the equilibrium modulus.
Although this behavior may partially result from chemical relaxation, it

more likely results from the slippage of entangled chains or other
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cooperative process which involves clusters of network chains. This long
term relaxation phenomenon is also shown by creep datal? and by the dynamic

16

(complex ) shear compliance!® on various types of vulcanizates. A striking

example is provided by stress-strain data on a series of Viton A-HV3:% and

17 has con-

other!® vulcanizates crosslinked by different amounts. Bueche
sidered the phenomenon in terms of a slow rearrangement of network junc-
tion points; the extent and time-scale of the process increase with an
increase in the fraction of dangling (inactive) chains. The slippage of
entanglement crosslinks has been considered by Kraus and Moczygemba15 and

also by Ferry!® and his associates.

Isochronal stress-strain data obtained from Fig. 19 are shown in
Fig. 20; the data are similar to those for the uncrosslinked PMMA (Fig. 15).
From the straight lines of unit slope in Fig. 20, it is found that the 10-
minute moduli at 153°C for the samples containing 0.3% and 0.8% EDMA are,
respectively, 195 and 288 psi. The 10-minute modulus for the uncross-
linked PMMA (Section IV-A) at 143°C is about 330 psi, a value greater than

for the crosslinked polymers. Although the moduli values given here are
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FIG. 20 ISOCHRONAL VALUES OF TRUE STRESS AS A FUNCTION
OF STRAIN FOR TWO CROSSLINKED PMMA SAMPLES (Ames)
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obtained at different temperatures, the comparison is a reasonably valid
one since each modulus was derived from data in the plateau region. Data
from Fig. 19 were also used to prepare the plots of log ¢(1)/F(1) vs.

log » shown in Fig. 21. [o(1) and F(1) are the stress and modulus at
l-minute at the temperatures indicated by the legend on Fig. 21.] The
solid curve is that given by the strain function, (A-A"2)/3 =T(A), from

the statistical theory of rubberlike elasticity.

Ultimate property data from the tests (including those at 110 and
115°C) are assembled in Fig. 22. The lower (high temperature) portions
of the failure envelopes are drawn as straight lines with unit slope
from which the moduli were estimated to be 174 and 288 psi, in reason-
able agreement with 10-minute modulus values of 195 and 287 psi obtained

from the data in Fig. 20.

Values of Ve estimated by three methods, are given in Table V.

(The uncrosslinked sample is that discussed in Section IV-A.) For the

Table V
ESTIMATED VALUES OF v_ FOR PMMA SAMPLES (AMES )

Amount of ve X 104, moles /ml
Crosslinker Modulus, ™
/100 monomer psi Method Method Method
g/ g A B C
0.3 195 0.359 1.23 0.84
0.8 288 0.953 1.87 1.97
330 - (2.14) -

Method A: Calculated from amount of crosslinker, as indicated
by Eq. (2).

Method B: From v =E,/3RT

Method C: From swollen stress-strain data obtained at the Ames

Research Center

¥For the two crosslinked polymers, the moduli are 10-minute
values at 153°C; for the uncrosslinked polymer, the modulus
is the 10-minute value at 143°C.
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highest crosslinked sample, Methods B and C give values which are in
good agreement. The higher value obtained by Method B for the less
densely crosslinked sample is probably caused by the fact that an equi-
librium modulus was not obtained from the stress-strain data on dry
specimens whereas the data on swollen specimens are probably equilibrium
ones. In light of the modulus and swelling data for the Polycast PMMA
polymers (see Section II), it is somewhat surprising that the modulus

of the lightly crosslinked polymer is only 195 psi. It is possible that
impurities terminated growing chains during the polymerization and thus

prevented the formation of a highly effective entanglement network.

C. Crosslinked PMMA Samples (Polycast Corp.)

Crosslinked polymers, as well as the uncrosslinked material Lot 1,
were tested at various temperatures and extension rates. The derived
isochronal data were used to obtain the l-minute modulus F(1) at each
temperature from plots of Ag vs. A-1, as illustrated by Fig. 23. From

F(1) and values of the stress at l-minute, 5(1), plots were made of
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FIG. 23 EXAMPLE OF PLOTS USED TO OBTAIN THE 1-MINUTE CONSTANT-STRAIN-
RATE MODULUS FOR THE CROSSLINKED PMMA POLYMERS (Polycast)

log 0(1)/F(1) vs. log A, as illustrated by Figs. 24 and 25. Because
the highly crosslinked samples, Lots 4 and 12, broke at quite low ex-
tensions, the stress-strain data are not highly precise and were only

partially analyzed.

Typical failure envelopes are shown in Fig. 26, and failure envelopes

for all of the crosslinked samples are shown, without points, in Fig. 27.
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D. Discussion of Results

1. Ultimate Tensile Properties

The failure data in Figs. 16, 22, and 26 show that each PMMA exhibits
its maximum extensibility, (hb)max’ at about 125°C at the extension rates
used. According to current viewpoints,!%:1! the values of Ab are smaller
at temperatures below 125°C because the network chains do not respond as
a single unit. Instead, sub-molecules of the chain respond, thus causing
the extensibility to be reduced and the tensile strength, gb, to be in-
creased. As discussed by Halpin, !? the effective length of the chain is

reduced as the glass temperature is approached.

The failure envelopes in Fig. 27, except that for Lot 4, have nearly

lbcb273/T, at (lb)max is the same

for all samples within the experimental uncertainty. Thus, the envelopes

the same shapes, and the true stress,

can be superposed reasonably well by shifting them along the abscissa.
Similar behavior has been found!!:!%C for a series of Viton A-HV (hydro-
fluorocarbon) gum vulcanizates. One difference is the magnitude of
(hbob)max’ the non-temperature-reduced true stress at (kb)max: for the
Viton A-HV vulcanizates, this value is about 2.5-fold greater than that
for the PMMA elastomers. (Although this relative value for (xbcb)max is
only semi-quantitative because of the considerable difficulty in obtaining
a precise value for the stress at (kb)max, it does appear that (A ¢ )

b b ‘max
for the two types of elastomers differs considerably.)

Plots which show the dependence of gb273/T and of Kb on the reduced
time~to-break, tb/aT, were prepared from data at temperatures between
125 and 185°C on Lot 11. Values of log an obtained from superposing the
Gb273/T and the lb data are shown in Fig. 28 plotted against 1/T; they
yield a rather good straight line on the Arrhenius-type plot whose slope
corresponds to an activation energy of 46 Kcal. The aT values definitely
do not conform to the WLF equation. Values of aT for superposing ultimate
property data for vulcanizates of SBR??! (styrene-butadiene), Viton B, 22,7
butyl? (sulfur-cured) vulcanizates and for rubbery epoxy resins?3® and

solid propellants®? have been found to agree rather well with the WLF

equation.
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However, for a silicone vulcanizate? (Tg = -125°C) and a Viton
A-HV (A-6) vulcanizate,25 a, conforms to an Arrhenius type equation,
This behavior is perhaps not unexpected since the test temperatures
extended up to T—Tg = 225°C for the silicone vulcanizate and to T—Tg =

256°C for the Viton vulcanizate. Normally, the WLF equation is appli-

cable at temperatures for which T—Tg is less than 100° or possibly 150°C.

However, for styrene-butadiene and ethylene-propylene vulcanizates con-
taining different amounts of carbon black, it has been found?® that a,
values from superposing ultimate property data obey the Arrhenius equa-
tion. Thus, until the controlling step in rupture is better understood

in terms of viscoelastic processes, some caution is warranted in super-

posing ultimate property data by using aT values based on the WLF equa-

tion, unless the data clearly indicate that this equation is applicable.

Values of aT from the line in Fig. 28 were used in preparing the
reduced plots in Fig. 29. Although the points scatter somewhat, the
scatter is not much worse than commonly found upon superposing ultimate

property data.
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A comparison was made of plots of log 273/T vs. log tb/aT for a

of
b
number of elastomers; curves for different vulcanizates were shifted

along the abscissa so that each vulcanizate was in a corresponding state.

(This was done by adjusting tb/a so that (lb)max for each vulcanizate

T
occurred at the same value of tb/aT.) The comparison showed quite clearly
that ob for the PMMA sample was significantly less at all values of tb/aT
than for the other vulcanizates. Although the reason for this behavior

is not known, it may be related in some manner to the characteristic
features of PMMA chains which causes the chains to form a considerably

more tightly crosslinked entanglement network than do chains of other

polymers (see Table 13-II in Ref. 5).

A discussion has been given,!! which includes considerations of
previous work, of the dependence of (hb)max on the length (molecular
weight) of network chains. If a network deforms affinely at all deforma-
tions up to rupture, then theoretical considerations show that (Kb)max o«
Mg, provided (Kb)max oc (Am)max. Because of inherent difficulties in ob-~
taining reliable values for Mc’ a satiifactory evaluation has not been
made of the dependence of (kb)max on Mé for any vulcanizates. Data on a
series of Viton A-HV vulcanizates suggest!! that (Kb)max o< Mg'7 for these

vulcanizates.

Figure 30 shows a plot of log (kb)max vs. log F(1) for the PMMA

polymers, where F{1) is the modulus at 165OC; for the '"'Ames’” polymers,
10-minute modulus values at 153°C are used (see Table V). If the modulus

. . . S -0.9
is proportional to Ve then Fig. 30 indicates that (kb)max S Ve , at

least for the more highly crosslinked polymers. Figure 31 shows a plot

of log vs. log (ve)sw’ where (ve)sw was obtained from equilibrium

(lb)max
swelling data.

2, Stress—-Strain Characteristics

An examination of plots of log o vs. log t indicated that the curves
at different temperatures could be superposed to give master plots like
those shown for the uncrosslinked PMMA and the crosslinked PMMA polymers
in Figs. 14 and 19. However, instead of considering the time dependence

directly, attention was given to the stress-strain characteristics as
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shown by plots of (i)

i

c(l,t)/F(t) vs. A. Because polymeric materials
show linear viscoelastic behavior at small deformations, I'(A) will
approach the strain (2-1) in the limit of zero strain, regardless of
test conditions and polymer characteristics. At large deformations,
T(2) shows the network response characteristic at a constant value of
time. The response characteristic can be compared, for example, with
that predicted by the statistical theory of equilibrium elasticity.

The response (or strain) function from this theory is I'(A) = c/Ee =
(k—k"z)/B, where Ee is the equilibrium tensile modulus given by Ee =

3G = VRT.

Although for many rubber vulcanizates T'(A) is time- and temperature-
independent over rather extended ranges of these variables, it is dependent
on test conditions for certain vulcanizates. To illustrate the temperature

dependence of I'(A) = o(a,t)/F(t), 1-minute data for a Viton A-HV vulcanizate

57




are shown in Fig. 32. For this rubber vulcanizate, the modulus F(1)273/T
increases from 58 to 442 psi as the temperature is reduced from 230 to
-5°C; yet, the ratio ¢(1)/F(1) is sensibly temperature independent for ex-
tensions up to about 60%. However, as the extension increases, the values
become somewhat less than those given by the statistical theory expression,
(A-272)/3. At intermediate extensions, the deviation from (A-1"2)/3 at a

prescribed A increases as the temperature is decreased from 230 to 25°C.
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FIG. 32 PLOT OF LOG o(1)/F(1) vs. LOG A FOR VITON A-HV (A-3) VULCANIZATE
SHOWING DATA AT SELECTED TEMPERATURES BETWEEN -5 AND 230°C
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At temperatures below 25°C, the maximum extensibility {hm)m decreases
with a temperature decrease (discussed in Section IV-D-1). At tempera-
tures above 253C, (Rm)max may be somewhat temperature-dependent. Data
on Viton A-HV vulcanizates crosslinked by different amounts show®:% that
the deviation of o(1)/F(1) from (A-A"2)/3 becomes less with an increase

in crosslink density. This behavior is in agreement with that shown by

other vulcanizates and discussed by Halpin. 18

Values of ¢(1)/F(1) for the PMMA sample, Lot 17 (Fig. 24) are nearly
temperature-independent between 125 and 165°C; however, the deviation
from (A-A~2)/3 does become slightly less as the temperature is decreased.
The dependence of ¢(1)/F(1) on crosslink density and temperature is shown
by the data in Fig. 25. Generally speaking, an increase in crosslink
density leads to a reduction in the deviation of o(1)/F(1) from (A-A"2)/3;
likewise, the deviation decreases as the temperature is reduced from 165
to 135°C. 1In these plots, certain points for the more highly crosslinked
samples at large extensions lie close to and above the theoretical curve

because of finite extensibility effects.

In contrast to the Viton A-HV vulcanizates, o(1)/F(1) for the PMMA
polymers (Polycast) is relatively independent of temperature and cross-
link density. On the other hand, owing to the entanglement network in
the PMMA polymers, the effective crosslink densities (as given by F(1) at
165°C) of all polymers whose properties are shown in Fig. 25 differ by
less than a factor of two. However, the slight dependence of o(1)/F(1)
on temperature and crosslink density is opposite to that shown by the
Viton A-HV vulcanizates above 25°C. (A consideration of the temperatures
at which the PMMA and Viton A-HV polymers show their maximum extensibility
suggests that it is valid to compare data on the PMMA polymer at tempera-
tures above about 125°C with those on the Viton A-HV polymers above 25°C.)

Figure 21 shows that the Ames PMMA polymers behave differently than
the ones from Polycast (Figs. 24 and 25). For the Ames polymers, the
deviation of o(1)/F(1) from (A-272)/3 increases as the temperature is
reduced. However, the deviation is less for the sample containing 0.3%

EDMA than for the one containing 0.8% EDMA .

59



From the results shown, new conclusions have not yet been drawn
about relations between structural factors and the inherent shape of the
stress-strain curve. The material presented was based on a first-approxi-
mation type of analysis. A refined analysis would require an estimate to
be made of the maximum extensibility (the hypothetical value in the absence
of rupture) at each temperature. These values would permit a comparison
to be made of the T'(A) data, at all extensions and temperatures, at those

values of A which represent equal fractions of the maximum extensibility.
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V  SUMMARY

Continuous and intermittent stress-relaxation data were obtained on
a number of PMMA polymers crosslinked with ethylene glycol dimethacrylate
(EDMA) and with hexamethylene glycol dimethacrylate (HDMA). Data were
obtained under vacuum {ca. 1 micron) at temperatures up to about 245°¢C;
tests were also made under atmospheric conditions, primarily at 181°c,
and under helium at 222°C. The results show that no chains--or at least
relatively few--form during degradation and that the EDMA- and HDMA-
crosslinked polymers have stability characteristics which are essentially

identical under all test conditions.

Relaxation data under vacuum at 225°C show that effective network
chains do not break during periods exceeding 1000 minutes, even though
weight losses up to 14% (possibly more) were observed. Results from tests
in helium and vacuum environments were sensibly identical and thus the
rapid degradation observed under atmospheric conditiomns at 180-200°C

is caused by oxygen.

The stress was observed to decay exponentially with time at 245°C.
Such results on four polymers whose crosslinker concentrations differ by
six~fold gave a rate constant for chain scission which is sensibly inde-
pendent of crosslinker concentration. However, weight losses (from initial
and final weights of specimens) were found to range up to 63% and to in-
crease with a decrease in crosslinker concentration. Although these
findings are consistent with the assumption that chemical junction points
in the network effect the termination of a depolymerizing chain, this be-
havior is unlikely and is at variance with published data. An explanation
for the present results is not given. However, a significant fraction of
the weight loss during the early stage of decomposition can arise from
the decomposition of sol, which unquestionably contains a higher concen-

tration of double bonds than the network.

Tensile stress-strain data were obtained at various constant exten-

sion rates on crosslinked and uncrosslinked PMMA polymers at temperatures
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between about 125 and 185°C. Derived values of the l-minute modulus at
165°C, even though they were not equilibrium ones, were considered to
be proportional--as a first approximation--to the effective crosslink
density. Except for several polymers containing a high concentration of
crosslinker, the moduli of the crosslinked and uncrosslinked polymers
were almost identical. This behavior shows that the PMMA polymers have
a high density of entanglement junction points. Because of this tight
entanglement coupling, a chemical crosslinking agent has little effect
on the modulus at 165°C unless its concentration is sufficiently great
to give chains which have a lower molecular weight than those in the
entanglement network. To obtain another measure of crosslink density,
equilibrium swelling measurements were made on the crosslinked polymers
in two solvents. The results show that some entangled chains are dis-
rupted during swelling, although the final swollen polymers still con-

tain a large fraction of permanently entangled chains.

Time-temperature superposition was applied to data . htained at ex-
tensions up to 250% on an uncrosslinked and two crosslinked PMMA polymers.
In this way plots were obtained of log gTo/T vs. log tJar; for each curve
stress values are at the same extension ratio. Values of the temperature
shift factor, ars obtained by superposing data, were found to conform to
the WLF equation. From the reduced curves, the nonlinear strain function
F(l), which equals the stress divided by the modulus evaluated at zero
strain, was obtained as a function of either time or temperature; at
large values of A, the function depends somewhat on the time or tempera-

ture.

The strain function ['(A) was also derived from l-minute stress-strain
data for a number of PMMA polymers crosslinked with EDMA and HDMA. The
results were compared with the strain function, (A-2"2)/3, given by the
statistical theory of rubberlike elasticity. Except for extensions at
which finite extensibility effects become important, the comparison
showed that T'(XA) is somewhat less than (A-A"2)/3, and that the stress-
strain characteristics are quite similar to those for many conventional
rubber vulcanizates. It was found that T()) depends to some degree on

temperature and crosslinker--especially at large extensions. For the
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majority of the polymers studied, T(A) tends to approach (A-A"2)/3 as
either the temperature is reduced or the crosslinker concentration is
increased. The effect of the finite extensibility of chains on T'(A) was
not specifically considered. Also, the results did not lead to an ex-
planation for the deviation between ['(A) and (A-1"2)/3 or for the depend-
ence of the deviation on temperature and crosslinker concentration. How-
ever, because of the high concentration of entangled chains, the results

might be expected to be insensitive to the crosslinker concentration.

Ultimate property data were used to prepare time- and temperature-
independent failure envelopes given by plots of log lbobTo/T vs. log (lb—l).
The shape of the resulting envelopes were found to be sensibly independent
of the crosslinker concentration, and thus they can be superposed, within
the experimental uncertainty, by shifting them along the abscissa. The
maximum extensibility, (lb)max’ obtained from each failure envelope, was
found to depend on the l-minute modulus, F(1), at 165°C according to:

(lb)max « [F(1)]7°-?. This dependence is only an approximate one, and

for low values of the modulus, (Kb)max is less dependent on F(1).

Time-temperature reduction was applied to superpose ultimate property
data for one crosslinked polymer. The obtained shift factors follow the
Arrhenius-type equation and give an activation energy of about 46 Kcal.
This behavior, which has also been found for several other elastomers,
indicates that aT values from the WLF equation are not always applicable

to superpose ultimate property data.
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APPENDIX 1
CONSTRUCTION AND OPERATION OF THE VACUUM RELAXOMETER

A relaxometer was designed for studying the thermal stability of
crosslinked PMMA polymers at elevated temperatures under vacuum and
other environmental conditions by the continuous and intermittent stress-
relaxation method. For this purpose, specimens for the continuous and
intermittent tests should be subjected to identical vacuum and thermal
conditions. This Appendix gives a detailed description of the apparatus

constructed and the operational procedures.

A, Description of the Apparatus

1. Mechanical Construction and Layout

The relaxometer, shown in Fig. 1-1, is constructed on both sides of
a large brass plate supported about five feet above the floor by an
angle—iron frame. A circular vacuum plate is mounted about 3 inches
below and parallel to the brass plate. Attached beneath the vacuum
plate is a 6-inch brass can in which are the load cells, specimens, and
the lower portion of the extension rods used to stretch the specimens;
the front of the can is cut away, exposing the enclosed components (Fig.
I-1). Either an 8-inch glass bell jar or an equivalent copper vessel is
placed around the cut-away brass can and mounted flush with the vacuum

plate to form a vacuum chamber,

Above the main brass plate are mounted the diffusion pump, cold
trap, vacuum gages, bath agitation motor, and a framework which guides
the extension rods which extend through the brass and vacuum plates into
the vacuum chamber below. Silicone Red Rubber O-rings* are used to form
the necessary seals where the extension rods pass through the vacuum

plate and also where the copper vessel (or bell jar) meets the vacuum

*¥Porter Seal Company, Hayward, California.
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plate. (Although the O-rings acquired some permanent set at 250°, they

were still suitable for two or three successive tests.)

The apparatus contains three load stations. At each station, the
clamp at the upper end of a specimen is attached to an extension rod;
the lower clamp is attached to a cantilever beam load cell which is
mounted on the bottom of the brass can. Figure I-1 shows the clamps
used for strip specimens. However, the data presented in this report
were obtained on ring-type specimens; such a specimen is placed loosely
over specially designed hooks, the upper one being connected to the ex-
tension rod with a stainless steel point-contact link to minimize heat
conduction. Heat conduction at the lower hook was reduced by mounting

the attached load-cells on knife-edges.

The extension rod at the center load station can be raised slowly
by a worm gear and rack-and-pinion assembly. This station is used to
obtain a preliminary indication of the force which is expected when the
other two specimens are extended. Specimens at the left and right load
stations are extended rapidly using the handle attached to the upper
end of each extension rod. As shown in Fig. I-1, each extension rod is
threaded above the brass plate and is fitted with a knurled nut between
the main brass plate and a horizontal upper-limit bar. By positioning
the nut, the upward travel of an extension rod is limited and a specimen

can be quickly extended to the desired amount.

Temperature in the vacuum chamber is maintained by a stirred liquid
bath consisting of two concentric metal tanks with insulation in the
annular space. The bath, which is suspended on chains, is raised with
a crank until the vacuum chamber and vacuum plate are completely immersed
in the bath liquid. The bath liquid is a eutectic mixture of 53% potas-
sium nitrate, 7% sodium nitrate, and 40% sodium nitrite. This mixture,
which has a melting point of about 14OOC, is stable at temperatures up
to about 450°C for an indefinite period. The bath is heated by two
500-watt stainless steel immersion heaters. One heater is operated con-
tinuously at the power level which yields about 90% of the heat necessary
to maintain test temperature; the other heater is activated by a thermal

regulator and relay. Nine calibrated copper-constantan thermocouples are
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used to measure temperature; six are placed within the vacuum chamber

and the remaining three at various points in the bath.

Vacuum is obtained with a Welch Model 5-71740 forepump in series
with a CEC Model VFM-10 o0il diffusion pump. Pressure is determined with
a Pirani gage at pressures down to about one micron and with a hot-cathode
ionization gage at lower pressures. The Pirani gage is mounted in the
one~inch-diameter copper vacuum line about 20 inches from the vacuum cham-
ber and about the same distance from the diffusion pump. It was not
practical to place the gage much closer to the vacuum chamber since the

high temperatures would interfere with gage operation.

2. Load Cells and Electrical Components

Because small forces were to be measured, the load cells were placed
inside the vacuum chamber to avoid the errors which result from trans-
mitting a force through a sealing ring to an external load cell. Thus,
special load cells were constructed to withstand high temperatures. Each
load cell consists of a 17-7 PH stainless steel cantilever beam, approxi-
mately 2.75 inches long and 0.5 inch wide, fastened horizontally to the
bottom of the brass can inside the vacuum chamber. A resistance strain
gage* is welded on both the top and bottom surfaces of the beam where
the stress in a bent beam is a maximum. The components of the load cell
are coated with an inorganic cement which does not evolve gaseous products
at elevated temperatures. The beam in a load cell is 0.025 inch thick;
forces up to 400 grams can be determined. Flexural oscillations of the
thin beam prevent measurements at times shorter than about one second.
Load cells which have higher capacity were made using thicker beams, but

these were not used for the tests discussed in this report.

The two strain gages in a load cell constitute adjacent arms of a
Wheatstone bridge (Fig. I-2) excited by 5-10 volts D.C. Upon applying
a force to the load cell, the resistance change in the strain gages

causes a voltage imbalance which is proportional to the force. Placement

¥Microdot Corporation, Instrumentation Division, 220 Pasadena Ave., South
Pasadena, California. Type SG 101-A-1.
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of the strain gages in adjacent arms of the bridge improves the tem-
perature stability, since spurious outputs tend to cancel. The other
(completion) arms of the bridge, located outside the apparatus, are
matched precision wire-wound Manganin resistors, chosen to minimize

bridge imbalances caused by changes in room temperature.

The strain gages are heat treated to obtain a negative change in
resistance with temperature which partially compensates for the increase
in resistance (and resultant bridge imbalance) caused by thermal expan-
sion of the beam. Tests made at 10 volts excitation at 250°C showed that
the residual imbalance was about 1 millivolt. Before each test, this
electrical imbalance was zeroed out using a balancing circuit. Although
the inherent sensitivity of an individual strain gage decreases by about
0.018%/30, this change is not reflected in the load cell sensitivity be-
cause the flexural modulus of a stainless steel beam also decreases with
temperature. For a given force, the increased deflection of the beam at
higher temperatures tends to compensate for the decreased sensitivity of
the strain gages, and the load cell sensitivity should remain relatively

constant.

Separate excitation is provided for each of the three load cells,
as shown in Fig. I-2. The power supplies* have their positive error
sensor leads connected to the strain gages inside the vacuum chamber;
this insures that the excitation voltage on the strain gages remains
identical with that developed within the power supply. 1In this way, a

drift in the excitation voltage is eliminated.

An imbalance in the load cell circuit is zeroed out by two variable
resistors in parallel with the bridge and with their center taps connected
to the positive side of the bridge output. One resistor (10 K Q) is used
for coarse adjustment, while the other (a variable 10 K () resistor between

two 500 K @ fixed resistors) is used for fine adjustment.

*Endevco Model SR-200 EHP solid-state feedback type, Endevco Corporation,
801 South Arroyo Parkway, Pasadena, California.
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Figure I-2 shows the electrical connections among the strain gages,
bridge completion resistors, balancing circuits, and the two-channel
recorder .¥ A switch allows selection of output from either the center

("preliminary'') or right load cell.

B. Operational Procedures

Initial tests were made on rectangular strip specimens. However,
an accurate adjustment of the bridge imbalance at the test temperature
could not be made owing to the thermal expansion of a specimen which
produced a force on the load cell. Also, the specimens tended to slip
and rupture in the clamps. Thus, the ring-type specimens used for ten-
sile tests (Appendix II) were selected for use in the relaxometer. A
ring was placed over hooks {each hook is actually a special device con-
taining a rod to support the ring) attached to the load cell and exten-

sion rod in the relaxometer.

Prior to inserting the ring specimens, each of the three load cells
was calibrated with a 100-gram weight attached to a hook which was under-
neath the load cell and extended through the brass can to the load cell.
Although this loading deforms a load cell in the direction opposite to
that during a relaxation test, calibration tests made by loading the
load cells in the opposite direction showed no difference in the electri-
cal output. As part of the calibration procedure, the excitation voltage
was adjusted to give an output of 1 millivolt per 100 grams, and the re-
corder sensitivity was set to give an appropriate displacement on the

recorder chart for the expected load.

Each specimen was cleaned with methanol and weighed, and its thick-
ness and diameter were measured. Thoroughly cleaned hooks were attached
to the load cells and extension rods, and the specimens were placed
loosely over the hooks. After balancing the load cell bridge circuits,
each extension rod was slowly raised by turning the knurled nut until

a slight deflection on the recorder showed that the specimen was in

¥Type R-S two-channel Offner Dynagraph, Beckman Instruments, Inc., Offner
Division, 3900 River Road, Schiller Park, Illinois.

72



contact with the hooks. The copper vacuum housing was then installed
and the assembly was evacuated for several hours (usually overnight) at

room temperature.

To speed attainment of thermal equilibrium, the liquid bath was
heated 20-40°C above the desired test temperature and then raised to
surround the vacuum chamber. Adsorption of heat by the chamber brought
the bath and specimens to the test temperature nearly simultaneously in

about 1.5-2 hours.

After thermal equilibrium had been attained, the position of a scribe
mark on each extension rod was measured with a cathetometer, and the re-
sidual electrical imbalance in each bridge circuit was zeroed out. The
upper limit bar was lowered against the tops of the knurled nuts on the
extension rods and it was firmly locked to the center extension rod with
a setscrew. The center rod was then raised slowly, extending the speci~
men and carrying the limit bar upward. When the desired extension was
attained (indicated by the position of the scribe mark), the 1limit bar
was locked to the guides by setscrews. This procedure insured that the
remaining two specimens could be extended by the same amount as the

center specimen.

Continuous measurements were begun on the specimen at the left load
station by rapidly pulling the extension rod until the knurled nut hit
the upper limit bar; the rod was locked in this position by a setscrew
on the limit bar. The developed force was monitored continuously with
the recorder while it was changing rapidly; subsequently, it was periodi-

cally determined.

Intermittent measurements were begun at the right load station a few
minutes following initiation of the continuous test. These were started
by extending the specimen rapidly, as in a continuous test, holding it in
the extended position for a short time while measuring the force on the
recorder, then returning it to its initial unstressed position. This

procedure was repeated periodically.

To determine the extent of electrical drift during a test, the load

on the continuously stressed specimen was occasionally released for a
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short period to observe the recorder baseline. For the intermittently
loaded specimen, the baseline was always known before and after each

loading.

During the course of a run, the six thermocouples were used to moni-
tor the temperature and its distribution. Two thermocouples, each capped
with a small piece of PMMA, were placed near each of the three specimens.
These measurements as well as others with the thermocouples in direct con-
tack with various parts of the apparatus showed that the temperature was
uniform to within one degree throughout the chamber. Previous tests with
thermocouples embedded directly in strip specimens showed the temperature
gradient in a specimen was less than one degree. The temperature drift

during a run lasting several days was no more than one or two degrees.

The pressure shown by the Pirani gage was always less than 0.1 micron
before the chamber was raised to the test temperature. Immediately after
immersing the chamber in the bath, the pressure typically increased to
10-15 microns, but it decreased to 3-5 microns during the period required
for thermal equilibration of the specimens. The pressure normally de-
creased further, depending on the temperature and specimen characteristics;
a maximum pressure of about one micron ordinarily existed at 2500C, and a

pressure of a few tenths of a micron at 180°C.

Tests were made at about a 10% strain, although the actual strain
could not be determined conveniently and probably differed appreciably
from 10%. The problem in determining the strain results from the sizable
thermal expansion of various components in the apparatus and also from
the relatively high compliance of the load cell. Because the primary
purpose of the work was to obtain relaxation data for which only the
change in force is needed (the decay in the relative force is independent
of the strain magnitude), a special effort was not made to determine the

strain precisely.
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APPENDIX II
PROCEDURES FOR OBTAINING TENSILE DATA

Tensile data were obtained by testing rings of the PMMA polymers
with an Instron tester which has a temperature-controlled telescoping
cabinet .¥ Specimens were placed in the cabinet precisely 10 minutes
before being tested, a period sufficient for thermal equilibration but

not long enough for chemical degradation to occur.

Ring specimens were prepared from sheets of the PMMA polymers by
first cutting discs having a diameter slightly greater than 1.5 inches,
the desired outside diameter for a specimen. Several discs were stacked
and then turned on a lathe to a diameter of 1.5 inches; this outside
diameter was measured precisely with a vernier caliper. These finished
discs were then placed (two or three at a time) in a special socket

mounted on the lathe and bored to an inside diameter of about 1.35 inches.

The thickness of each ring was obtained by an indirect method. Each
of twenty or more rings having the same outside and inside diameters was
cleaned and weighed on an analytical balance. The thickness of each ring
was measured at three points with a dial gauge to obtain an average
thickness. These data were used to compute a linear regression line

(thickness on weight) having a slope
b=gwt/sw?
i 117 i

where wi is the weight of an individual ring, and ti is its average thick-
ness. After b was obtained, the thickness of each ring was calculated

from t, = bW,.
i i

The inside diameter of each ring was calculated from the outside
diameter, thickness, and weight of the ring, and the density of the
material (determined by the buoyancy method) according to Di = D% -

o
0.0777 W/pt, where Di and DO are, respectively, the inside and outside

*See Ref, 7 on page 64 of this report.
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diameters in inches, W and t are the weight in grams and thickness in

inches, and p is the density in g/cm®.

In deriving values of stress and strain from an Instron trace (a
plot of force against time), the dimensions of a ring at the test tem-~
perature were used. The dimensions were calculated from the dimensions
at room temperature and the coefficients of thermal expansion for PMMA
below and above the glass temperature (S. Loschaek, J. Polymer Sci. li,
391 (1955). The strain, A-1, was calculated from the crosshead dis-

placement, AL, using the equation:*

(DO—D,)

~1
40L =~ [1 - 27%] (111-1)

-1 = -
n(DO+Di§ (bd+Di)

This equation* gives the average strain in the ring. The stress was
obtained from the force and the cross-sectional area of the unstressed

specimen; for a ring specimen this area equals (DorDi)t.

Rupture strains were based on the inside diameter of a ring and

were computed from the equation:

(111-2)

Values of the rupture stress were obtained by extrapolating a force-time
trace beyond rupture up to the point at which the average strain in the
ring equals that based on the inside diameter. A discussion of the

validity of this procedure is given elsewhere.¥*

To reduce a force-time trace, a large number of points were read
from the trace with an Oscar read-out device attached to a key punch for
recording the data on punch cards. The quantities required to prepare
the plots of log ¢ vs. log t, as well as certain other plots, were com-

puted on a Burroughs B-5500 Computer.

*See Ref. 7 on page 64 of this report. The equation on page 142 of the
referenced publication contains an erroneous factor of 2 in the second
term on the right side of the equation.

76



ADPPENDIX 111
LITERATURE SURVEY”

During the initial quarter of this project, a survey was made of
literature on mechanical and stability characteristics of PMMA and
PMMA-EDMA copolymers. The information presently in Quarterly Technical

Summary Report No. 1 is reproduced below.

A, Viscoelastic Properties of PMMA

PMMA is one of the most extcnsively studied amorphous polymers.
Its viscoelastic properties have been investigated by stress relaxa-
tion® (5, 14, 16, 22, 26, 39, 67, crecp (16, 26, 34, 47, 67 ), and
dynamical methods {1, 3, 16, 27, 42). Mechanical damping data have
also been obtained by a number of workers (9, 15, 16, 20, 21, 24, 28,
29, 32, 33, 49, 50, 55, 56, 61, 66,, and the results summarized by
Woodward and Sauer {65). These extensive studies have clearly estab-
lished the existence of at least two transition regions in the mechani-
cal properties of PMMA. The regions show up as peaks or as changes in
levels of the viscoelastic functions. By comparing the results from
mechanical, dielectrical, and nuclear magnetic resonance measurements
{46, 48, 65), it has been possible to assign the main or w-~transition
to the excitation of main chain motion, and the secondary or r-transi-
tion to excitation of side chain motion. The activation energy for the
c-process, about 20 kcal mole (9, is much smaller than that for the

w-process, which is of the order of 100 kcal/mole (20}.

The behavior of PMMA in crecp at large stresses below the glass
temperature was investigated by Wall {62), Marin and co-workers (40,41},

and Sherby and Dorn (52).

B Transition Temperatures of PMMA

The temperature at which chain motions are frozen is shown by a

change in the first derivatives {coefficient of expansion, specific
heat, ete. of the primary thermodynamic properties {volume, energy,

etc.). From the theoretical viewpoint, the concept of a transition
*The reference list begins on page 82 and the references there ave coded
A-1, A-2, etc to distinguish them from those referenced in other sec-
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temperature as a material constant is a difficult one (46). Furthermore,
it is clear from the discussion by Ferry (11), and by Saito et al. (46) that
determined transition temperatures depend on the thermal path, and the
data are to some extent arbitrary even when obtained on an ideal sample
which is free from impurities and is homogeneous with respect to
molecular weight and chain structure. Nevertheless, if the theoretical
and experimental limitations are kept in mind, the transition tempera-

ture concept assists materially in explaining polymer behavior.

The occurrence of a transition temperature corresponding to the
B-transition in PMMA has not been conclusively demonstrated, although
it has been claimed to occur around 0° to 5°C (9, 53). The temperature
related to theFOa;;-gg%nsition, or glass temperature Tg’ has been found to
be 105°C by /Loshaek (13), and by Rogers and Mandelkern (45). Fujino,
Senshu, and Kawai (14) pointed out that the break in Rogers and
Mandelkern's plot of specific volume against temperature seems to
occur at 100° rather than at 105°C and they used this value in their
calculations. The volume-temperature plot shown by Saito et al. (46)
and apparently obtained by Hideshima (46a), displays a single break
near 96°C. Rogers and Mandelkern's data may be reinterpreted to
give a similar value for Tg° It must be noted that, apart from the
thermal path chosen, the glass temperature is affected not only by
differences in molecular weight distribution and the presence of spuri-
ous impurities and residual plasticizing components such as MMA, but
also by the stereoregularity of the sample which depends on the condi-
tions under which polymerization is carried out. The syndiotactic chain
is stiffer than the isotactic; its glass temperature is 115°C while that of
isotactic PMMA is 45°C (12,17, 30, 43, 44,54). Conventional PMMA is
probably predominantly syndiotactic.

Evidently Tg as customarily determined will be a characteristic
of an individual sample under identical experimental conditions. For
PMMA, 100°C seems to be a reasonable average value. For PMMA
crosslinked with GDMA, Loshaek (36) found that Tg increases with the

degree of crosslinking.
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The concept of the glass transition in polymers is usually linked
with the concept of free volume (11). According to this view, a lowering
of the temperature is accompanied by a collapse of free volume. Above
Tg the volume contraction is of a liquidlike character. Below Tg the
free volume remains more nearly constant, and exhibits an essentially
solidlike behavior. Considerations of changes in free volume predict a
dependence of the viscoelastic properties of polymers on their thermal
history. The influence of cooling rate on the stress relaxation of PMMA
at temperatures below Tg has been demonstrated by McLoughlin and Tobolsky
(38, 39), but no systematic investigation of this effect, particularly

on the failure properties of PMMA, has been reported.

C. Ultimate Tensile Properties of PMMA

Valuable information on the ultimate (failure) tensile properties
of polymers may be obtained from stress-strain curves (often obtained
at constant rates of strain) determined to the point of failure. Such
curves on PMMA have been reported in several studies (10, 31, 67) but
are not particularly suited for developing a comprehensive picture of

the failure behavior.

Failure at high temperatures or low rates of strain is referred to
as tough failure and is usually accompanied by necking (57) or cold-
drawing (57) of the specimen, resulting in large elongations-at-break,
and a distinctive appearance of the failure surface. Stress-strain
curves obtained under conditions leading to tough failure often show a
yvield point and a plateau region corresponding to necking or cold-drawing
when the stress is calculated on the initial cross section of the speci-
men. The stress at the yield point is known as the yield strength and

the corresponding extension as the yield elongation.

Brittle failure occurs at low temperatures or high rates of strain.
It is characterized by a monotonic stress-strain curve, small elonga-
tion-at-break, the absence of necking or cold-drawing, and a different

morphology of the failure surface. The temperature transition between
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brittle and tough failure is known as the brittle point. Brittle strength
is the stress-at-break in brittle failure. The area under the stress-

strain curve is called the fracture energy, or energy-to-break.

The tough and brittle failure of PMMA has been studied extensive-
ly (4, 23, 31,58 -60). Hoff(23) investigated the recovery of deformation
beyond the yield point and showed that there is very little permanent set
(plastic deformation) in PMMA, the deformation being generally
recoverable by heat treatment (52). The morphology of the failure
surface of PMMA has been discussed by various authors (6, 51, 63 ).
Coulehan (7} and Wolockf_t_at_l.; {64) discussed the stress-crazing of
PMMA, a phenomenon that may lead to catastrophic failure of the

sample when brought into contact with certain liquids.

D. Thermal Degradation and Self-plasticization of PMMA

The thermal degradation of PMMA has been studied by Grassie
and Melville {18), Cowley and Melville (8);, and Lohr and Parker (35).
The main degradation product is the monomer, MMA. A degraded
sample will therefore contain the monomer as a plasticizing component.
The presence of a plasticizing component strongly influences the
mechanical behavior of polymers. McLoughlin and Tobolsky (39) have
shown the effect of water as a plasticizer in PMMA. The influence of
monomer content {self-plasticizationj on the glass temperature of
PMMA was investigated by Aleksandrov and Lazurkin (2), while Lohr
and Parker (35) studied the effect of monomer content on the tensile

yield strength of PMMA.

E. Crosslinked PMMA (PMMA- EDMA Copolymers)

The literature contains relatively little information on PMMA-
EDMA copolymers which is relevant  to the present study.
Loshaek (13, 36, 37) showed that the glass temperature increases with
the degree of crosslinking. Grassie and Melville (19) studied the
thermal degradation of PMMA - EDMA copolymers. As with uncross-
linked PMMA, the main degradation product is MMA and the degree of

crosslinking had no effect on the degradation. It was concluded that
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when a chain degradation reaches a junction point in the network, the
unit containing it will be eliminated in the normal way, 1.e., as with
uncrosslinked PMMA. The EDMA molecule will not, however, be
evolved until both chains of which it has been a part, have been

depolymerized.

Heijboer (20, 21) reported the influence of crosslinking on the
mechanical damping, and some stress-strain curves were obtained by
Knowles and Dietz(31). Vincent (58) remarked that the effect of cross-
linking generally is to increase the modulus and the yield strength in
the tough region at a given temperature but that crosslinking (up to 5%

EDMA ) has little effect on the brittle strength.
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